Abstract. The physics of charm has become one of the best laboratories exposing the limitations of the naive constituent quark model and also giving hints into a more mature description of meson spectroscopy, beyond the simple quark-antiquark configurations. In this talk we review some recent studies of multiquark components in the charm sector and discuss in particular exotic and non-exotic four-quark systems. (2460) mesons in the open-charm sector. These positive-parity states have masses lighter than expected from quark models, and also smaller widths. Out of the many proposed explanations, the unquenching of the naive quark model has been successful [3] . When a (qq) pair occurs in a P-wave but can couple to hadron pairs in S-wave, the latter configuration distorts the (qq) picture. Therefore, the 0 + and 1 + (cs) states predicted above the DK(D * K) thresholds couple to the continuum. This mixes meson-meson components in the wave function, an idea advocated long ago to explain the spectrum and properties of light-scalar mesons [4] .
being deeply bound and therefore having a size of the order of the two-meson system, i.e., ∆ R ∼ 1. Opposite to that, a compact state may be characterized by its involved structure on the colour space, its wave function containing different singlet-singlet components with non negligible probabilities. One would expect such states would be smaller than typical two-meson systems, i.e., ∆ R < 1. Let us notice that while ∆ R > 1 but finite would correspond to a mesonmeson molecule ∆ R K→∞ −→ ∞ would represent an unbound threshold. Thus, dealing with four-quark states an important question is whether we are in front of a colorless meson-meson molecule or a compact state, i.e., a system with twobody colored components. While the first structure would be natural in the naive quark model, the second one would open a new area on the hadron spectroscopy.
There are three different ways of coupling two quarks and two antiquarks into a colorless state:
[(q 1 q 2 )(q 3q4 )] ≡ {|3 12 
being the three of them orthonormal basis. Each coupling scheme allows to define a color basis where the four-quark problem can be solved. The first basis, Eq. (1), being the most suitable one to deal with the Pauli principle is made entirely of vectors containing hidden-color components. The other two, Eqs. (2) and (3), are hybrid basis containing singlet-singlet (physical) and octet-octet (hidden-color) vectors.
To evaluate the probability of physical channels (singlet-singlet color states) one needs to expand any hidden-color vector of the four-quark state color basis in terms of singlet-singlet color vectors. Given a general four-quark state this requires to mix terms from two different couplings, 2 and 3. In [11] the two Hermitian operators that are well-defined projectors on the two physical singlet-singlet color states were derived,
where P, Q,P, andQ are the projectors over the basis vectors (2) and (3),
By using them and the formalism of [11] , the four-quark nature (unbound, molecular or compact) can be explored. Such a formalism can be applied to any four-quark state, however, it becomes much simpler when distinguishable quarks are present. This would be, for example, the case of the (nQnQ) system, where the Pauli principle does not apply. In this system the bases (2) and (3) are distinguishable due to the flavor part, they correspond to [(nc)(cn)] and [(nn)(cc)], and therefore they are orthogonal. This makes that the probability of a physical channel can be evaluated in the usual way for orthogonal basis [12] . The non-orthogonal bases formalism is required for those cases where the Pauli Principle applies either for the quarks or the antiquarks pairs. Relevant expressions can be found in [11] . We show in Table 1 some examples of results obtained for heavy-light tetraquarks. One can see how independently of their binding energy, all of them present a sizable octet-octet component when the wave function is expressed in the 2 coupling. Let us first of all concentrate on the two unbound states, ∆ E > 0, one with S = 0 and one with S = 1, given in Table 1 . The octet-octet component of basis (2) can be expanded in terms of the vectors of basis (3) conclusion is strengthened when studying the root mean square radii, leading to a picture where the two quarks and the two antiquarks are far away, x 2 1/2 ≫ 1 fm and y 2 1/2 ≫ 1 fm, whereas the quark-antiquark pairs are located at a typical distance for a meson, z 2 1/2 ≤ 1 fm. Let us now turn to the bound states shown in Table 1 , ∆ E < 0, one in the charm sector and two in the bottom one. In contrast to the results obtained for unbound states, when the octet-octet component of basis (2) is expanded in terms of the vectors of basis (3), one obtains a picture where the probabilities in all allowed physical channels are relevant. It is clear that the bound state must be generated by an interaction that it is not present in the asymptotic channel, sequestering probability from a single singlet-singlet color vector from the interaction between color octets. Such systems are clear examples of compact four-quark states, in other words, they cannot be expressed in terms of a single physical channel.
We have studied the dependence of the probability of a physical channel on the binding energy. For this purpose we have considered the simplest system from the numerical point of view, the (S, I) = (0, 1) ccnn state. Unfortunately, this state is unbound for any reasonable set of parameters. Therefore, we bind it by multiplying the interaction between the light quarks by a fudge factor. Such a modification does not affect the two-meson threshold while it decreases the mass of the four-quark state. The results are illustrated in Figure 1 , showing how in the ∆ E → 0 limit, the four-quark wave function is almost a pure single physical channel. Close to this limit one would find what could be defined as molecular states. When the probability concentrates into a single physical channel (P M 1 M 2 → 1) the system gets larger than two isolated mesons [11] . One can identify the subsystems responsible for increasing the size of the four-quark state. Quark-quark ( x 2 1/2 ) and antiquark-antiquark ( y 2 1/2 ) distances grow rapidly while the quark-antiquark distance ( z 2 1/2 ) remains almost constant. This reinforces our previous result, pointing to the appearance of two-meson-like structures whenever the binding energy goes to zero.
In another recent investigation, the four-body Schrödinger equation has been solved accurately using the hyperspherical harmonic (HH) formalism [12] , with two standard quark models containing a linear confinement supplemented by a Fermi-Breit one-gluon exchange interaction (BCN), and also boson exchanges between the light quarks (CQC). The model parameters were tuned in the meson and baryon spectra. The results are given in Table 2 , indicating the quantum numbers of the state studied, the maximum value of the grand angular momentum used in the HH expansion, K max , and the energy difference between the mass of the four-quark state, E 4q , and that of the lowest two-meson threshold calculated with the same potential model, ∆ E . For the (ccnn) system we have also calculated the radius of the four-quark state, R 4q , and its ratio to the sum of the radii of the lowest two-meson threshold, ∆ R .
As can be seen in Table 2 (left), in the case of the (ccnn) there appear no compact bound states for any set of quantum numbers, including the suggested assignment for the X(3872). Independently of the quark-quark interaction (ccnn) (ccnn) and the quantum numbers considered, the system evolves to a well separated two-meson state. This is clearly seen in the energy, approaching the threshold made of two free mesons, and also in the probabilities of the different colour components of the wave function and in the radius [12] . Thus, in any manner one can claim for the existence of a compact bound state for the (ccnn) system. A completely different behaviour is observed in Table 2 (right). Here, there are some particular quantum numbers where the energy is quickly stabilized below the theoretical threshold. Of particular interest is the 1 + ccnn state, whose existence was predicted more than twenty years ago [13] . There is a remarkable agreement on the existence of an isoscalar J P = 1 + ccnn bound state using both BCN and CQC models, if not in its properties. For the CQC model the predicted binding energy is large, − 76 MeV, ∆ R < 1, and a very involved structure of its wave function (the DD * component of its wave function only accounts for the 50% of the total probability) what would fit into compact state. Opposite to that, the BCN model predicts a rather small binding, −7 MeV, and ∆ R is larger than 1, although finite. This state would naturally correspond to a meson-meson molecule.
Concerning the other two states that are below threshold in Table 2 (right) a more careful analysis is required. Twomeson thresholds must be determined assuming quantum number conservation within exactly the same scheme used in the four-quark calculation. Dealing with strongly interacting particles, the two-meson states should have well defined total angular momentum, parity, and a properly symmetrized wave function if two identical mesons are considered (coupled scheme). When noncentral forces are not taken into account, orbital angular momentum and total spin are also good quantum numbers (uncoupled scheme). We would like to emphasize that although we use central forces in our calculation the coupled scheme is the relevant one for observations, since a small non-central component in the potential is enough to produce a sizeable effect on the width of a state. These state are below the thresholds given by the uncoupled scheme but above the ones given within the coupled scheme what discard these quantum numbers as promising candidates for being observed experimentally.
Binding increases for larger M/m, but in the (bbnn) sector, there is no proliferation of bound states. We have studied all ground states of (bbnn) using the same interacting potentials as in the double-charm case. Only four bound states have been found, with quantum numbers J P (I) = 1 + (0) , 0 + (0), 3 − (1), and 1 − (0). The first three ones correspond to compact states.
To conclude, let us stress again the important difference between the two physical systems which have been considered. While for the (ccnn), there are two allowed physical decay channels, (cc) + (nn) and (cn) + (cn), for the (ccnn) only one physical system contains the possible final states, (cn) + (cn). Therefore, a (ccnn) four-quark state will hardly present bound states, because the system will reorder itself to become the lightest two-meson state, either (cc) + (nn) or (cn) + (cn). In other words, if the attraction is provided by the interaction between particles i and j, it does also contribute to the asymptotic two-meson state. This does not happen for the (ccnn) if the interaction between, for example, the two quarks is strongly attractive. In this case there is no asymptotic two-meson state including such attraction, and therefore the system might bind.
Once all possible (ccnn), (bbnn) and (ccnn) quantum numbers have been exhausted very few alternatives remain. If additional bound four-quark states or higher configuration are experimentally found, then other mechanisms should be at work, for instance based on diquarks [4, 14, 15] . 
